Abstract. The Stefan problem in a semi-infinite media under laser irradiation is considered. It is related to the melting and solidification processes, resulting in certain surface structure after the solidification. A simple model, as well as a more sophisticated one is proposed to describe this process. The latter model allows us to calculate the surface profile by solving a system of two nonlinear differential equations, if the shape of the solid-liquid interface is known. It has to be found as a solution of two-phases Stefan problem. The results of example calculations by the fourth-order Runge-Kutta method are presented, assuming that the solid-liquid interface has a parabolic shape. The calculated crossection of the surface structure shows a characteristic cone in the center, in agreement with experimental observations.
Introduction
Recently, a problem of a controllable, direct laser fabrication of sharp conical structures on silicon thin films has attracted a significant interest [1, 2] . The laser irradiation causes melting of the material, which is followed by the solidification after the laser pulse. If the solid has a smaller density than the liquid, then the melt is pushed upwards at the end phase of this process, resulting in a characteristic conic shape of the surface. We have shown how this effect depends on the shape of the solid-liquid interface, based on a refined version of the model considered earlier in [1] .
The Stefan problem
We consider the heat conduction in a semi-infinite media in a process of laser irradiation. The laser beam is perpendicular to the media surface, and its intensity depends on the distance r from the center. Thus, the temperature distribution ( ) , , T r z t has a cylindric symmetry. In this case z is the distance from the media surface.
In the case where no melting of the material is reached, the heat conduction equation reads Consider now a case where there are two phases, solid and liquid, but there are no differences between these phases in the context of the heat conduction. However, certain melting latent heat m L is necessary to transform from solid to liquid. Such a situation can be modeled by setting
instead of specific heat c, as it has been done, e.g., in [1] .
The Surface structure
Let us assume that liquid phase has a larger density l ρ than that of the solid phase s ρ , i.e., l s ρ ρ > .
In this case certain structure forms on the surface in the solidification process after laser pulse. A simple model to describe this has been already proposed in [1] . We propose a model (model A), similar to the one considered in [1] , where the liquid surface always lies horizontally; and a refined model (model B), where the curvature of the liquid surface is taken into account, assuming that the liquid is attached to the top of the molten area due to the capillarity forces.
Model A The model A is illustrated in Fig.1 , where the crossection of the considered structure of cylindric symmetry is shown. Here we have assumed for illustration that the crossection of the solid-liquid interface has a parabolic shape, as shown by solid curves in Fig.1 . At the initial stage ( Fig.1, left Let us denote by h(r,R) the depth of the molten area of radius R at a distance r from the center (see Fig.1 top) . Considering an infinitesimal shift in phase boundaries, such that R R dR → + (with dR <0), the solid-liquid interface being shifted up by
where dH is the shift of the solid surface, as shown in Fig.1 . According to the mass conservation law, we have ( )
R dH h r R h r R rdr
, ,
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where ( ) 
The function h(r,R) describes the shape of the solid-liquid interface. In reality, it should be determined by solving the related Stefan problem for the two-phase system. For an illustration, we approximate it by a parabola ( ) ( )
In this case, the solution is a conic surface structure, shown in Fig.1 (right) at the shape parameter 2 α = . The relative density difference µ has been taken 0.08
, as in [1] .
Model B In the model B, the shape of the liquid surface is approximated by a parabola (see Fig.2 )
found self-consistently from the material (mass) conservation law. In this model, deviation of the liquid surface f(r,R), as well as the depth of the molten area h(r,R) are measured from the level of the formed solid surface H(R), as indicated in Fig.2 (left) . As before, R denotes the current radius of the molten area, its initial value being 0 R . Note that f(r,R) is assumed to be positive, if the liquid surface is curved up, and negative -if it is curved down. The variation of this picture at different solidification steps is shown in Fig.2 .
Let us introduce the angles ϕ , γ , and θ , measuring the slopes the mass conservation law, we obtain the system of two differential equations
where ( )
tan , , tan arctan 1 
Conclusion
The developed refined model for calculation of the surface structure, formed in the solidification process after the laser irradiation, provides reasonable results, which are in a qualitative agreement with the experimentally observed conic shapes of such structures.
